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Introduction
Colorectal cancer (CRC) is one of the most commonly diagnosed cancers worldwide with data from the World Health Organization estimating that up to 1.4 million people are diagnosed annually [1] . Survival rates from CRC in the Western world have improved particularly in the metastatic setting where targeted therapies, combined with advances in molecular testing, have been introduced [2] . However, significant gaps in our knowledge of CRC and the lack of effective biomarkers for treatment and prognostic stratification remain problematic, especially in the post-operative adjuvant setting.
Current knowledge suggests that prognosis is dependent on numerous clinicopathological variables including demographic factors, mutational status and inflammatory markers [3] . Recently, one area that has gained prominence has been the anatomic site of the primary cancer [4] . Research into this area was initially driven by an observed increase in right-sided CRC in retrospective analysis of the SEER dataset [5, 6] . Since then, several studies investigating anatomic site have found that there may be survival differences based on the sidedness of the primary tumor [4] . Despite growing evidence, there is ongoing debate as to whether tumor sidedness alone is an independent prognostic marker. Some clarity has been provided by the latest and most complete meta-analysis that suggested left-sided cancer carries a better prognosis [4] . Contextually, these findings have gained further traction and importance because of reexaminations of clinical trial data in metastatic CRC patients [7] . In several studies, sidedness was found not only to be prognostic in favor of left-sided cancer but also predictive of treatment outcome, with improved survival associated with use of combination chemotherapy plus epidermal growth factor receptor (EGFR) targeted antibodies [7, 8] .
A number of plausible hypotheses have been proposed to explain these observed differences in survival based on sidedness. These include differences in embryological origin and localization of gut flora [9] . More recently, there has been further evidence that colorectal cancer is comprised of multiple distinct molecular subgroups. Guinney et al. (2015) separated colorectal cancer into four distinct molecular subtypes with certain subtypes more likely to be enriched to either the right or left sides of the colon [10] .
The molecular subtypes of CRC give credibility to the hypothesis that sidedness is a surrogate marker for clinicopathologic factors. Prior studies with large patient cohorts have cited the lack of key pathological variables such as microsatellite instability as a central limitation. Moreover, datasets like SEER often lack additional markers which have previously been shown to be prognostic.
In prior large studies, the lack of key clinicopathologic data such as microsatellite instability data has been cited as a significant limitation [6] . These clinicopathological factors may also vary significantly between stages and explain survival differences in sidedness that have been observed across tumor stages [11] . Performing specific analyses on patients with genomic differences and also across stages may provide a better understanding of survival variations observed based on tumor sidedness. In addition, we have noted that large datasets such as SEER also often lack additional clinicopathological markers known previously to be highly prognostic. We hypothesize that sidedness is a surrogate of these markers.
The current study attempts to address these shortcomings of the prior literature regarding sidedness and survival in the setting of colorectal cancer patients undergoing curative resection. Specifically, we aimed to address the lack of inclusion of additional key confounders such as mutation status and inflammatory markers. The primary goal was to re-examine sidedness as a prognostic marker and to clarify this by including additional clinicopathological variables previously demonstrated to be independently prognostic. Our secondary goal was to investigate whether factors of tumor biology, including mismatch repair (MMR) status, BRAFV600E mutant status and inflammatory markers are associated with tumor sidedness and whether this can support an alternate hypothesis for these observed survival differences.
Materials and methods

Patient cohort
A retrospective analysis of a prospectively collected clinicopathological data base was conducted. Patient data were collected for 3281 consecutive patients at the Northern Sydney Local Health District (NSLHD, Sydney, Australia) who had undergone primary resection of colorectal cancer between January 1998 and December 2012. Data were drawn from six hospitals, including two major quaternary and four community hospitals, all of which had general or specialist colorectal surgical units. Gender, age and histologic grading were prospectively collected. Patient tumour samples were all re-reviewed and staged according to the AJCC 7 th edition 2009 staging system [12] . Tumor sidedness was defined as follows, right sided CRC was from caecum to the splenic flexure including the transverse colon. Left sided CRC represented the remaining large bowel including the rectum. The treatment patients received differed depending on stage but were all within accepted national guidelines. The majority of patients with high risk stage II and III colon cancer were offered standard adjuvant chemotherapy and most patients with stage II and III rectal cancer were offered neoadjuvant chemotherapy. Treatments were delivered at multiple centres including both public and private oncology treatment centres.
Patients were followed up every 3-6 months in most cases. This consisted of a full clinical history, physical examination and blood tests including full blood count, plasma biochemistry, serum levels of carcinoembryonic antigen (CEA) and a single computed tomography (CT) of chest, abdomen and pelvis 12-18 months postoperatively [13] .
Immunohistochemistry
Resected tumour specimens were evaluated for BRAFV600E mutation and mismatch repair (MMR) status using immunohistochemistry methods that we have demonstrated to be highly sensitive and specific [14, 15] .
Survival data
The primary endpoint for analysis was overall survival (OS), measured from the date of surgery until date of last follow up or date of death from any cause. Follow up data were collected from a variety of sources including hospital pathology databases, private offices, electronic medical records, central death registries and publicly available death records up to November 2015. Median follow up was 53 months (interquartile range 26-90 months) with 1070 deaths from any cause.
Statistics
The lymphocyte-to-monocyte ratio (LMR) and neutrophil-to-lymphocyte ratio (NLR) were constructed by taking the ratio of the absolute count of the respective component of the full blood count. Patient data were divided into 'low' and 'high' groups using a cutpoint of 2.86 and 3.75 for LMR and NLR respectively. These cutpoints were derived from the R package Maxstat as previously described [16] . The lymph node ratio (LNR) was calculated by dividing the total number of positive nodes over the total number of nodes sampled. Patients were separated into 'low' and 'high' groups using a cutpoint of 0.31 using the aforementioned method.
Associations between sidedness and other clinicopathologic variables were performed using chi squared tests. Univariate analyses and multivariate analyses were performed using a backwards conditional Cox-regression model.
For all statistical tests a p value of < 0.05 was considered significant. Analyses were performed using SPSS software version 20 (SPSS Inc., Chicago, IL, USA) and R (Version 3.2.5). This study was approved by the NSLHD Human Research Ethics Committee under protocol 1201-035M and RESP/14/97.
Results
Baseline characteristics
Data from 3281 consecutive patients at the North Sydney Local Health District (NSLHD) who underwent surgical resection of their colorectal adenocarcinoma from January 1998 to December 2012 inclusive were included for analysis. Histologies other than adenocarcinoma and patients with metastatic disease were excluded. Baseline characteristics of patients in the current cohort can be seen in Table 1 . The majority of patients in the cohort were older than 70 years (57.3%) and half were male (50.1%). More patients had left-sided (54.2%) than rightsided colon cancer (45.8%). The majority of patients T stage 3 (52.7%) or 4 (22.9%) disease early N stage 0 (56.0%). The full clinicopathologic variable breakdown can be seen in Table 1 . Median follow up was 53 months (interquartile range 26-90 months).
Cancer sidedness and association with clinicopathological variables
The associations between colorectal cancer sidedness and clinicopathological variables were explored (Table 1 ). There was a significant association between right-sided colorectal cancer and older age (p<0.001), female gender (p<0.001), apical node status (p = 0.043), presence of peritumoral lymphocytic response (p = 0.001), positive BRAFV600E mutant status (p<0.001), positive MMR status(p<0.001), a low LMR (P<0.001) and a high NLR (p = 0.002). In addition, there was also an association between sidedness and T stage (p<0.001), N stage (p = 0.047), and tumor grade (p<0.001).
Cancer sidedness and survival
The 5-year overall survival (OS) of our total cohort was 66.6%. By site, left-sided CRCs had a 5-year OS of 67.1% compared to right-sided CRC OS of 66.0%. Univariate analysis showed no significant difference between the two sides (p = 0.291) ( Fig 1D) .
As expected, stage 1 CRC patients had the highest OS with 84.1% alive at 5 years. With respect to sidedness, stage 1 left-sided CRC had a 5yr OS of 86.0% compared to 80.7% 5yr OS in stage 1 right-sided CRC. This difference in survival between tumor sidedness was not statistically significant (p = 0.125) (Fig 1A) . For stage 2 patients, left-sided stage 2 CRC had a 69.5% 5yr OS compared to 74.0% in stage 2 right-sided CRC. The survival difference based on sidedness did not reach statistical significance in univariate testing (p = 0.072) (Fig 1B) . Patients Tumor sidedness is not an independent prognostic marker in colorectal cancer with stage 3 CRC had a 5yr OS of 54.5%. Stage 3 patients with left sided CRC had a 5yr OS of 56.6%, which was higher than stage 3 patients with right-sided CRC (51.9%). This difference in survival between sides in stage 3 patients was significant in univariate testing (HR 0.788, 95% CI 0.655-0.949, p = 0.012) (Fig 1C) .
Primary multivariate analysis
The relationship between clinicopathological variables and overall survival was assessed initially through a univariate Cox regression model and then through a backwards multivariate Cox-regression model. Variables that were significant in the univariate model were utilized in multivariate analysis (Table 2 ). In the primary analysis we limited this to include gender, age, T stage, N stage and site. Gender (p = 0.016), Age (p<0.001), T stage(p<0.001) and N stage (p<0.001) were significant but tumor sidedness was not (p = 0.291). In the multivariate analysis gender (p = 0.001), age (p<0.001), T stage (p<0.001) and N stage (p<0.001) all remained significant (Table 2) . A sensitivity analysis was performed with rectal cancers removed from left sided CRCs. In the repeat analysis, the overall result that sidedness was not significant did not change in univariate analysis (p = 0.884). The other factors remained significant in further multivariate analysis (all p<0.001).
Subgroup analyses
Three further subgroup analyses were performed. In the first subgroup analysis we analyzed only stage 3 patients (Table 3 ). In the univariate analysis age, T stage, N stage, grade and combined MMR-BRAF status were all highly significant (all p <0.001). Tumor sidedness was also significant (p = 0.012). In the multivariate analysis all factors remained significant with p value of <0.001 except sidedness (p = 0.716) and combined MMR-BRAF status (p = 0.182) ( Table 3) . In the second sub-analysis we re-examined all patients with the inclusion of BRAFV600E mutation status and tumor grade whilst removing all patients with known mismatch repair deficiency. Of the 2156 patients examined, age, T stage, N stage, grade and BRAF status were all significant (p values <0.001) in the univariate analysis. Tumor sidedness was also significant (p = 0.022). In the multivariate analysis, age, T stage, N stage and grade were significant (all pval <0.001). Sidedness again was not significant (p = 0.326) nor was the BRAF status (p = 0.383) ( Table 4 ).
In the third sub-analysis we included further clinicopathological variables known to be independently prognostic. Only 779 patients had complete data available for this analysis. The composition of this subgroup was not significantly different to the primary cohort by age, gender, T stage, N stage or tumor site (all p >0.05). In this subgroup, T stage, N stage, Grade, TWVI, DETN, EVP, LMR, NLR, MMR-BRAF status, apical node status and LNR were all significant in the univariate analysis with p values of <0.001. Age (p = 0.002) and PTLR (p = 0.017) were also significant in the univariate analysis. Tumor site was not significant (p = 0.820). In the multivariate analysis, age (p<0.001), T stage (p<0.001), grade (p = 0.012), EVP (p = 0.027), MMR-BRAF status (p = 0.001), LMR (p<0.001) and LNR (p<0.001) remained significant (Table 5) . 
Discussion
The current study successfully achieved the aims of investigating the association of primary CRC tumor sidedness with survival and the tumor biology of cancer sidedness. To date, this is one of the largest cohorts with the inclusion of mismatch repair status data to address CRC tumor sidedness. The principal finding of the current study is that tumor sidedness is not an independent prognostic marker. This result differs from recent literature suggesting survival differences in colorectal cancer (CRC) based on tumor sidedness. Although prior studies had offered conflicting answers, the recent meta-analysis by Petrelli et al. (2017) appeared to provide clarity. The study presented pooled multivariate data from 66 studies and demonstrated that left-sided CRC has a small survival benefit with a hazard ratio of 0.82 (95% CI 0.79-0.84, p<0.001) [4] . However, closer examination of the study revealed weaknesses that limit its overall significance. First, there was significant heterogeneity across the included studies. Many studies consisted of specific population types such as the elderly and also missed key prognostic covariates such as microsatellite instability (MSI) status [6, 17] . Secondly, many of the heavily weighted studies included in the analysis drew their data from subsets of the same SEER data, with 11 of the 12 most heavily weighted studies drawn from SEER. [6, [17] [18] [19] Interestingly, re-analyses of the SEER data over the years have yielded differing results. Meguid et al. (2008) found poorer [6, 19] . The latest re-analysis by Warschkow et al. (2016) highlighted the lack of important confounders such as MSI as a key weakness of the SEER data, a point they attempted to address with a propensity score matching methodology [11] . In the study by Warschkow et al. (2016) , the result again was a different result, with right-sided cancer having a better prognosis. Together the prior literature suggests limitations that require a better understanding of underlying tumor biology. The current study aimed to overcome the limitations of prior studies by performing subgroup analyses that addressed some of these shortcomings. The first subgroup analysis addressed the possibility that prognostic differences seen in individual stages from prior literature might be a result of key factors such as mismatch repair data. In several previous large studies the prognostic significance of tumor sidedness differed depending on tumor stage [6, 11] . Warschkow et al. (2016) for example found better prognosis in right-sided cancer in a combined stage I-III cohort but no difference in stage III cancer. In the current cohort, the only individual stage to demonstrate prognostic differences based on sidedness was stage III. We therefore analyzed stage III patients specifically in a subgroup analysis. In this analysis we found that there was a survival difference in the univariate analysis favoring left sided cancer. We then performed a multivariate analysis that included MMR status and BRAF V600E mutation status. This analysis was performed as microsatellite instability is a well-known positive prognostic marker of CRC and is known to be associated with right-sided colorectal cancer [20] . With this included in the multivariate analysis, sidedness was not found to be significant. A second sub-analysis explored this hypothesis further by re-examining the combined stage I-III cohort but with patients possessing known mismatch repair deficiency removed. When compared to the initial primary analysis, sidedness became significant in the subgroup univariate analysis but not in the multivariate analysis. These two subgroup analyses together suggest that sidedness is a surrogate for other key prognostic variables such as mismatch repair (MMR) which have often not been assessed in prior studies.
The third sub-group analysis extended on the idea that sidedness is a surrogate for key clinicopathological data by incorporating further clinicopathological data. This sub-group analysis utilized a smaller cohort of 779 patients in which additional clinicopathological variables with known independent prognostic association were included. These variables, such as the lymphocyte-to-monocyte ratio (LMR) and apical node status, have previously been investigated and shown to be independent prognostic factors in CRC [16, 21] . Most of these markers have not been previously included in studies investigating sidedness as a prognostic marker, likely due to lack of available data. In this subgroup analysis we again confirmed that tumor sidedness was not an independent prognostic marker. These findings are important as this is one of the largest cohorts to examine mismatch repair and BRAFV600E mutation status in the context of tumor sidedness. Moreover, it is the largest cohort to address sidedness and markers of the systemic inflammatory response such as the lymphocyte-to-monocyte ratio.
The secondary goal of our study was to explore tumor biological factors, their association with sidedness and whether they could explain prior findings of survival differences based on sidedness. The underlying hypothesis of the current study was that prior studies were flawed due to non-inclusion of important confounding factors. Evidence already exists for this hypothesis within the established literature. The seminal paper examining the four consensus molecular subtypes (CMS) of colorectal cancer demonstrated that sidedness was associated with differential enrichment of particular molecular subtypes [10] . In that study by Guinney et al. (2015) , right-sided cancer was found to be more frequently than left-sided cancer to be MSI-high, CIMP-high and BRAF mutant. In our study, we re-affirmed that MMR deficiency and BRAFV600E mutation are associated with right-sided colorectal cancer, both of which have previously been shown to have prognostic value.
The current study also discovered some novel associations with sidedness that were centered on the host immune response. The first novel finding in this part of the study was that right-sided cancer was more likely to have the presence of peri-tumoral lymphocytic response (PTLR). PTLR is a reflection of the activation of the hosts' lymphatic system against tumors and can be quantified by lymphoid aggregates at the periphery of the tumor [22] . PTLR has been associated with better prognosis and also molecular alterations such as microsatellite instability [23] . However, the composition of these lymphoid aggregates and their exact role in anti-tumor activity remains poorly defined. The second novel finding of the current study was that we demonstrated for the first time in a single study that both a low LMR and high NLR were specifically associated with right-sided CRC. These biomarkers are markers of systemic inflammation and have been well established to be independent negative prognostic markers in CRC [16, 24] . Thus, the current study suggests that right-sided cancer is associated with an elevated inflammatory state which itself is associated with poorer prognosis. These findings support the idea of cancer related inflammation as a key hallmark and driver of cancer. We can only speculate as to why right-sided cancer is associated with an elevated systemic inflammatory response. It may be that differences in the expression of certain genetic pathways predispose right-sided cancer to be more pro-inflammatory or perhaps it is the composition of gut flora in different parts of the large bowel that is responsible for a pro-inflammatory state. Regardless, this second part of the current study strongly suggests that there are competing components of the host immune response in CRC associated with survival. These factors play an integral part of the debate regarding tumor sidedness and supports an alternate hypothesis that tumor sidedness is simply a surrogate marker of other key clinicopathologic factors.
Contextually, the prognostic implications of tumor sidedness have gained prominence because of its potential to change treatment paradigms. A recent meta-analysis by Arnold et al.
(2017) examined 6 prior studies of metastatic CRC patients treated with chemotherapy and EGFR-directed antibodies. They found that right-sidedness was not only a negative prognostic factor but also predictive of poor response to treatment [8] . These findings by Arnold et al. (2017) are limited to the metastatic setting and whether they are applicable to non-metastatic disease is yet to be demonstrated. However, the current study has highlighted that a better understanding of underlying tumor biology is needed before sidedness can be utilized to guide clinical management.
Compared to prior cohorts, the current cohort did have some similarities. The 5-year OS rate of 64.5% when pooled together was similar to those on large databases such as SEER [2, 25] . Stage by stage, the survival percentages were also similar. However, our cohort consisted of patients from a region of primarily high socio-economic background, a factor often associated with increased OS [26] . Patients were also more likely to be male and older than 70. The cohort spanned a long period from 1998 to 2012 including many patients treated prior to the introduction of treatments such as oxaliplatin. These differences may have attributed in part to the different results observed. One important consideration in the current study was the addition of rectal patients in the left sided cancer group. Although rectal cancer could be considered a different entity with differing treatment and natural history, we included them for several reasons. The principal reason was that the current best evidence for sidedness being a prognostic factor is the prior meta-analysis by Petrelli et al. (2017) . This meta-analysis has also included cohorts with rectal patients [4] . Furthermore, other key studies such as the one investigating the consensus molecular subtypes and tumor sidedness have also included rectal cancer [27] . We therefore believed that incorporating rectal patients was important to make direct comparisons with prior literature. To alleviate potential concerns regarding inclusion, a sensitivity analysis was performed in which rectal patients were removed from the primary analysis and repeated. The overall result that sidedness was not an independent prognostic marker remained the same.
The study had some significant limitations that may have contributed to differences in results. Firstly, we lacked chemotherapy data on patients due to the fragmented nature of patient record keeping across multiple sites. Secondly, we had incomplete data for all clinicopathological variables. However, we chose to present all data without truncation as we believed that this would contribute more information to the current literature. Thirdly, there are inherent limitations to retrospective analysis compared to prospectively validated studies. Lastly, we also lacked data on disease free survival and cancer specific survival. Despite these limitations the study did confirm the importance of previously unaccounted tumor biological factors. Future studies in this area should focus on incorporating all key confounders such as RAS mutation status to ascertain all other clinicopathological variables for which sidedness could be a surrogate. Future studies should also consider investigating these confounders in the context of the continuum model of colorectal cancer, a model that considers change in tumor biology as gradual throughout the colon and not restricted to certain regions [28] . Recent literature has already suggested that there are important regional differences in mutation profiles and CMS beyond a left-right CRC model [29] .
In conclusion, the current study has expanded the debate regarding sidedness and CRC. We found no differences in survival between left and right-sided CRC which we hypothesized was a result of previously unaccounted confounders. Significant work is still required to bring greater clarity to the question of sidedness and prognosis. 
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